Abstract. Germinated Impatiens wallerana Hook. f. 'Super Elfin Salmon Blush' seeds were exposed to subatmospheric O 2 concentrations for 12, 24, or 48 hours at 25C. Suppression of radicle growth during a subsequent 24-hour simulated shipping period was monitored, as was plant growth during a subsequent growth cycle. One percent to 2% O 2 for 12 or 24 hours limited radicle elongation to <1.0 mm during the simulated shipping period (darkness, ambient O 2 ) and caused no permanent damage to seedlings. Suppression of radicle elongation with low O 2 was greater with a 24-hour than a 12-hour exposure. Oxygen at 0% for 24 hours or at 0% to 1.5% O 2 for 48 hours damaged seedlings irreversibly. These results show that specific subatmospheric O 2 treatments can restrict radicle elongation of germinated seeds during subsequent shipment to a grower and that the low O 2 treatment does not decrease subsequent plant growth.
the number of abnormal seedlings (Frazier et al., 1982) . Radicle growth also may be reduced or eliminated by reducing the O 2 concentration in the storage environment. For example, radicle growth of some germinated vegetable seeds stored in 100% N 2 or in evacuated plastic bags was inhibited at 7C but not at 20C (see Ghate and Chinnan, 1987) . Eavis et al. (1971) found that radicle elongation of pea (Pisum sativum L.) decreased progressively as O 2 concentration decreased. In addition, roots of rice (Oryza sativa L.) seedlings did not elongate and shoots grew only slightly when seedlings were transferred to anaerobic conditions (Bertani et al., 1980) . Our objective was to determine whether low-O 2 treatment of germinated impatiens seeds could suppress radicle growth during a simulated 1-day shipping period without affecting subsequent seedling growth.
Materials and Methods
'Super Elfin Salmon Blush' impatiens seeds (PanAmerican Seed Co., West Chicago, Ill.) were germinated for 72 h by placing 250 seeds on two layers of water-saturated, Steel Blue Anchor Seed Germination Blotter (Anchor Paper, St. Paul, Minn.) in a plastic box (22.5 × 15.0 × 5.0 cm) sealed in Saran Wrap to prevent evaporation. Germination was conducted in a growth chamber maintained at 25 ± 1C, and the continuous irradiance from the cool-white fluorescent lamps was measured inside the plastic box as 105 ± 10 µmol•m . Seeds were sown at 0, 24, and 48 h (Expt. 1) or 0, 12, and 24 h (Expt. 2) to allow synchronization of treatments. Germination required 72 h to obtain seeds that possessed the desired radicle length [≤0.25 mm (barely emerged from seedcoat)]. Twenty-five germinated seeds were selected and arranged in a 5 × 5 pattern on two layers of water-saturated germination blotter in a 9.2 × 6.6 × 1.3-cm clear plastic box without a lid in preparation for the modifiedatmosphere treatments. The four groups of four seeds in each corner of the pattern (16 total seeds) were retained in the plastic box and used to obtain data at the end of the following periods: modified atmosphere, simulated shipping, and 7-day recovery in air. The nine seeds in the combined middle row and middle column were transplanted into plug trays after simulated shipping and used to obtain data for the 5-week recovery period in the plug-tray section of the experiments.
The plastic boxes were placed in widemouth, 1-liter mason jars laid horizontally, and the jars were sealed with lids that contained a gas inlet, a gas outlet, and a sampling port. Each modified atmosphere flowed through its jar at two exchanges per hour. The germination blotter was kept saturated by adding ≈1.5 ml water daily. The germinated seeds were exposed for 24 or 48 h (Expt. 1) or for 12 or 24 h (Expt. 2) to modified atmospheres that contained 0%, 1%, 1.5%, 2%, 3%, or 20% O 2 in N 2 . Starting times of the modified-atmosphere treatments were staggered so that treatment periods ended simultaneously. Modified atmospheres were obtained by using a two-stage, capillary-tube mixing system (Diesburg et al., 1989) , and composition was verified every 12 h by gas chromatography. Modified-atmosphere treatments were conducted in three growth chambers that were maintained at 25 ± 1C with continuous irradiance of 105 ± 10 µmol•m -2 •s -1 from cool-white fluorescent lamps. At the end of the modifiedatmosphere treatment period, radicle length of the designated 16 seedlings was measured with a ruler. After the modified-atmosphere treatment, the atmosphere in all jars was changed to air for 24 h to simulate shipping. Compressed air was passed through two Balston A92 coalescing filters (Balston, Lexington, Mass.) to remove traces of compressor oil. Twenty-five germinated seeds contained in additional plastic boxes that received no modified-atmosphere treatment, but only simulated shipping, served as controls. Lamps were turned off to provide a dark simulatedshipping period, and the chamber was maintained at 25 ± 1C. After simulated shipping, chamber lamps were turned on, and length of the designated 16 seedlings was measured.
After simulated shipping, the designated 16 seedlings that remained on germination blotter in the boxes were allowed to develop in air in mason jars for 7 days in a growth chamber at 25 ± 1C with continuous irradiance of 105 ± 10 µmol•m
. Filtered air flowed through each mason jar at two exchanges per hour. At the end of the 7-day recovery period, hypocotyl length and percentage of abnormal seedlings were determined. Abnormal seedlings exhibited thickening and curling of the hypocotyl, negative geotropic growth, loss of cotyledons, or lack of radicle elongation. After simulated shipping, the nine designated seedlings were transplanted into 406-cell plug trays (Blackmore Co., Belleville, Mich.). The growth medium was 3 sphagnum moss (<0.64 cm in diameter) : 3 sphagnum moss (<0.36 cm in diameter) : 2 grade 3 vermiculite : 2 sandMaximum efficiency in plug production systems requires that seeds germinate synchronously and at a high percentage. Seeds of many desirable ornamental species germinate poorly (Cathey, 1969) , which precludes their use in plug-system technologies. For several vegetable crops, use of germinated seeds has increased stand establishment substantially (see Finch-Savage, 1984) . Germinated seeds that were separated from nongerminated seeds by density gradient differences showed increased vigor and percent emergence when compared with controls (Taylor and Kenny, 1985) . Germination of ornamental seeds by a seed company, followed by shipment to and sowing at a commercial greenhouse, could improve plug production efficiency of certain species. Radicle elongation during shipment must be minimized, however, or damage from handling and mechanical sowing would preclude use of germinated seeds.
Radicle growth during storage of germinated seeds can be retarded (Brocklehurst et al., 1980; Finch-Savage and McKee, 1988) . However, some methods decreased seedling emergence (Pill and Fieldhouse, 1982) , whereas others decreased vigor and increased (Hoagland and Arnon, 1950) . During the fourth and fifth weeks, seedlings received alternating applications of tap water and 100% Hoagland's solution. After the 5-week recovery period, shoots were cut immediately below the cotyledons-cotyledonary leaf scars and oven-dried at 67 to 70C for 72 h. Shoot dry mass per plant was determined.
The 12 treatments and the control that entered at the start of simulated shipping were assigned randomly to three growth chambers (three blocks) in a randomized complete-block design. Each experiment was conducted 3 times. One millimeter was selected as a radicle length that would not incur appreciable damage during subsequent mechanical sowing (Finch-Savage and McKee, 1988) . One-tailed t tests were used to determine whether radicle length at the end of the simulated shipping treatment was ≤1.0 mm. Treatments that yielded a radicle length ≤1.0 mm were considered successful. For each successful treatment, subsequent growth characteristics were compared by regression analysis and with the control by using two-tailed t tests. Data from the common 24-h treatments of Expts. 1 and 2 were combined. The O 2 concentration × exposure duration interaction was tested. Linear analysis was conducted on exposure duration over the range of 0% to 3% O 2 and on O 2 concentration over the range of exposure durations. In addition, regression analysis was done for each exposure duration over the range of 0% to 20% O 2 (preliminary experiments) and 0% to 3% O 2 (combined Expts. 1 and 2).
Results and Discussion
Preliminary experiments. When O 2 concentrations were 0% to 10% for 24 or 48 h, radicle elongation was proportional to O 2 concentration, but elongation in 10%, 13%, and 20% O 2 was similar (Fig. 1) . Oxygen concentrations of 0% to 2% inhibited radicle elongation adequately (≤1 mm), but recovery from low O 2 was satisfactory only with 1% and 2% O 2 (data not presented).
Radicle length after simulated shipping. Upon completion of simulated shipping, radicle length was ≤1.0 mm (statistically) at all O 2 concentrations, except 20%. Radicle length responded positively to O 2 concentration, but lack of fit was significant due to an unaccountably high value for 1% O 2 (Table 1) , whereas the response to exposure duration was negative ( Table 2 ). The interaction between O 2 concentration and exposure duration for radicle length after simulated shipping was significant ( Fig. 2A) . Radicle length increased linearly with increasing O 2 concentration for the 24-h exposure (Fig. 2A) . Radicle length for the 12-h exposures varied little over the range of 0% to 3% O 2 , and the linear effect was absent ( Fig. 2A) . Radicle length over the 0% to 3% O 2 range was most affected with the 48-h exposure, but the trend was not linear due to an unaccountably high value for 48-h exposure to 1% O 2 . Oxygen concentrations ≤2% for all exposure durations restricted radicle growth effectively.
Seedling growth. Hypocotyl length responded linearly to O 2 concentration and exposure duration (Tables 1 and 2) , and O 2 concentration and exposure duration did not interact (Fig. 2B) . For 48-h exposures, increasing O 2 concentration permitted a quadratic increase in hypocotyl length during the 7 days after exposure (Fig. 2B) . The change in hypocotyl length was less prominent for 24-h exposures, and for 12-h exposures, there was no effect of O 2 concentration (Fig. 2B) . For O 2 concentrations that kept radicle length ≤1.0 mm after simulated shipping, exposure for 12 or 24 h resulted in hypocotyl lengths equal to those of the control and longer than those for the corresponding 48-h treatment (Fig. 2B) .
Only the 48-h exposure to 0% or 1% O 2 , or 24-h exposure to 0% O 2 reduced the hypocotyl length below that of the control. Abnormal seedling frequency decreased with increased O 2 concentration (Table 1) , increased with increased exposure duration (Table 2) , and exposure duration interacted with O 2 concentration (Fig. 2C) . The percentage of abnormal seedlings decreased at all exposures with increasing O 2 concentration, but most for the 48-h quadratic response, presumably because >5 times as many seedlings were injured by 48 h at 0% O 2 (Fig. 2C) . Compared with the control, the percentage of abnormal seedlings was greater only with 48-h exposure to 0% to 2% O 2 or with 24-h exposure to 0% to 1.5% O 2 . Shoot dry mass responded positively to O 2 concentration (Table 1 ) and negatively to exposure duration (Table 2) , and no interaction occurred between O 2 concentration and exposure duration (Fig. 2D ). Shoot dry mass increased linearly with increasing O 2 concentration only with the 48-h exposures (Fig. 2D) .
None of the 12-h exposure treatments reduced shoot dry mass. Shoot dry mass was less than that of the control only with 48-h exposure to ≤1.5% O 2 or with 24-h exposure to 0% O 2 (Fig.  2D ). Radicle elongation during simulated shipping was arrested by exposing germinated seeds to 1% to 2% O 2 for 12 to 24 h, and these conditions caused minimal seedling damage. Oxygen concentrations greater than ≈7% did not arrest radicle elongation, and O 2 concentrations of 0%, 1%, and 1.5% for 48 h damaged seedlings permanently. Seedling damage increased as the duration of exposure to low O 2 increased. In addition, the growth restriction efficacy of the modified atmospheres decreased as exposure duration decreased; thus, exposure to low O 2 concentration for <12 h may not be effective. These results are similar to those of Siegel and Rosen (1962) , who found that radicle growth of cucumber (Cucumis sativus L.) seedlings grown in 10% or 20% O 2 was equal. However, Eavis et al. (1971) observed that radicle elongation of pea decreased proportionally as O 2 decreased from 21% to 0%.
We have found that low-O 2 treatments restricted radicle elongation of germinated seeds during simulated shipping. This technology might be commercialized through use of a fluid-drilling seeder (see Pill, 1991) , although currently this method is slower than methods used for dry-sown seeds. While fluid drilling is a possibility (Ghate et al., 1984) , this method would require modification for use with plug trays. A surface seed-drying treatment (Finch-Savage and McKee, 1988) may allow germinated seeds to be sown with conventional equipment after shipment to the grower. Finally, species specificity, cultivar specificity, and cost efficiency of these procedures must be determined because of variation in germination uniformity between species or cultivars. Fig. 2 . Interaction between modified-atmosphere O 2 concentration and exposure duration on (A) radicle length at the end of simulated shipping; (B) hypocotyl length and (C) abnormal seedling percentage at the end of the 7-day recovery period; and (D) shoot dry mass at the end of the 5-week recovery period. Each data point is the mean of three (12-and 48-h) or six (24-h) replications over time, with three observations per replicate. Data points were compared with the control (six replications over time, six observations per replicate) by using two-tailed t tests (statistical analysis for t tests not presented). Symbols are 12 h (s), 24 h (x), 48 h (v), and control [(w), 0-h germinated seeds that received no exposure to a modified atmosphere]. The asterisks in panels B and C indicate that R 2 is the appropriate designator, rather than r 2 , for the curvilinear response in the 48-h exposure durations.
